Hereditary multifocal renal cystadenocarcinoma and nodular dermatofibrosis (RCND) is a naturally occurring canine kidney cancer syndrome that was originally described in German Shepherd dogs. The disease is characterized by bilateral, multifocal tumors in the kidneys, uterine leiomyomas and nodules in the skin consisting of dense collagen fibers. We previously mapped RCND to canine chromosome 5 (CFA5) with a highly significant LOD score of 16.7 (h ¼ 0.016). We have since narrowed the RCND interval following selection and RH mapping of canine genes from the 1.3Â canine genome sequence. These sequences also allowed for the isolation of gene-associated BACs and the characterization of new microsatellite markers. Ordering of newly defined markers and genes with regard to recombinants localizes RCND to a small chromosomal region that overlaps the human Birt-Hogg-Dubé locus, suggesting the same gene may be responsible for both the dog and the phenotypically similar human disease. We herein describe a diseaseassociated mutation in exon 7 of canine BHD that leads to the mutation of a highly conserved amino acid of the encoded protein. The absence of recombinants between the disease locus and the mutation in US and Norwegian dogs separated by several generations is consistent with this mutation being the disease-causing mutation. Strong evidence is provided that the RCND mutation may have a homozygous lethal effect (P < 0.01).
INTRODUCTION
Canine hereditary multifocal renal cystadenocarcinoma and nodular dermatofibrosis (RCND) is a naturally occurring inherited cancer syndrome in German Shepherd dogs that was first described in 1985 (1, 2) . The syndrome is characterized by bilateral, multifocal tumors in kidneys and numerous firm nodules, consisting of dense collagen fibers in the skin and subcutis. In addition, all females examined at an appropriate age demonstrate uterine leiomyomas and $50% of dogs experience metastasis (2) . Analysis of canine families with RCND strongly indicates an autosomal dominant pattern of inheritance (1, 2) . Using a large resource family of Norwegian dogs, we previously mapped RCND to canine chromosome 5 (CFA5) with a highly significant LOD score of 16.7 (y ¼ 0.016) (3) . Using whole-chromosome paint probes, evolutionarily conserved chromosome segments between the canine and the human genomes were identified, suggesting that CFA5 contains several conserved segments corresponding to portions of HSA 11q, 17p, 1p and 16q (4) (5) (6) (7) . By low-density radiation hybrid (RH) mapping, C02608 originally appeared to lie in the region close to the boundary between HSA 17p and 1p (3) .
RCND has some similarities to several human cancer syndromes. A number of provocative genes based upon their phenotype were investigated as possible candidates including the TSC1, TSC2, TP53, PDK1, KRT9, WT1, FH and NF1 genes. Nevertheless, all of these genes have been eliminated based upon their location in the canine map (3, (8) (9) (10) (11) (12) .
We mapped the RCND locus to a region of CFA5 corresponding predominantly to human chromosome (HSA) 17p11.2. During the course of this work, a human renal cancer syndrome called Birt-Hogg-Dubé (BHD) that shows some similarity to RCND was mapped to 17p11.2 and the disease-associated gene, termed BHD, was subsequently cloned (13) (14) (15) [#2443; Nickerson et al. (19) ]. In addition, the Nihon rat model for hereditary renal cell carcinoma was described and the gene responsible was mapped to a portion of rat chromosome 10 that also corresponds to HSA 17p11.2 (16, 17) . The function of the protein folliculin, encoded by the BHD gene, is unknown. Because of the similarity in phenotype and the corresponding locations in the human and canine genomes, we cloned and then searched for disease-associated mutations in the canine ortholog of the BHD gene.
RESULTS
The minimum RCND recombinant interval includes the canine BHD gene A high-density RH map of CFA5, including 41 microsatellite markers, 10 BACs and 59 genes, and an integrated linkage map including 18 markers were constructed as a first step to narrowing the critical region (K. Comstock et al., personal communication). Microsatellites were identified using the following procedure: the human genome sequence assembly was scanned using the University of California Santa Cruz Human Genome Project Working Draft (http://genome.ucsc. edu/ ) for genes located on HSA 1p and HSA 17p. These sequences were used to scan the canine 1.3Â sequence for orthologous sequences. The resulting sequence reads represented partial sequence of genes from within the region of interest and were used as probes to screen an 8Â canine BAC library for large genomic clones from the region of interest (18) . BACs were pooled and used to construct mini-libraries that were then screened for microsatellites that were subsequently ordered on the RH map.
Twenty-six markers were found to be polymorphic in the founder dog and were used to analyze the pedigree for additional recombinants (Fig. 1) . Further genotyping and haplotype analysis of the Norwegian RCND family identified a recombination in the proximal marker FH4160 that eliminated all genes centromeric to this marker as candidates. We also identified a recombination in the distal marker FH4442 by genotyping and subsequent haplotype analysis that eliminated all genes telomeric to this marker as candidates. The corresponding interval on the human map was inclusive of the genes GLP2R (NM_004246, 10. Sequence analysis of the canine BHD gene identified a disease-associated mutation Portions of the orthologous canine BHD gene were obtained by screening the canine 1.3Â sequence database with the sequence of the human gene. This strategy yielded 44 sequences that either encompassed or were within 1 kb of all BHD exons. The intron-exon structure of the canine BHD gene was deduced from the structure of human BHD (19) . Intronic primers were designed to amplify all exons, except exon 1, using DNA from a healthy male Standard Poodle. For exon 1, an untranslated exon, cDNA was isolated from an unaffected Beagle kidney to obtain the sequence near the 5 0 end of the mRNA. All the canine sequence obtained was compared with the human BHD sequence.
All exons were sequenced in three affected dogs and three unaffected dogs from the Norwegian family. In all affected dogs from the family and none of the unaffected dogs, an adenine to guanine mutation in exon 7 was detected (Fig. 2) . This nucleotide change confers a histidine-to-arginine mutation in the expressed protein. No missense, nonsense or deletion mutations were found in any other exon segregating with affected dogs.
We next tested 12 RCND-affected German Shepherds from Norway and three from the USA, none of which were descendants of the founder of the Norwegian pedigree. Significantly, the mutation in exon 7 was detected in all 15 RCND-affected dogs. The exon 7 mutation was not detected in 264 unaffected dogs including 63 unrelated, unaffected German Shepherds, 28 Expression patterns of canine BHD were investigated by northern blot experiments. We saw expression of an $3.8 kb transcript and no smaller transcripts in unaffected adult canine lung, muscle, skin, kidney, heart, colon, brain and uterus when northern blots were probed with BHD exon 5 (data not shown).
In addition, expression patterns of canine BHD in five affected and eight unaffected dogs from the Norwegian pedigree were compared by northern blot experiments. We saw equivalent levels of expression of an $3.8 kb transcript and no smaller transcripts in kidneys of both affected and unaffected dogs when Northern blots were probed with BHD exons 6-9 (Fig. 3) .
Comparison of RCND and BHD tumor histologic types
For a comparison between the human and canine diseases, slides stained by standard methods using hematoxyllin /eosin and Van Gieson that represented typical tumors from canine kidneys and skin were sent to a pathologist at NCI for evaluation. The histologic appearance of the dog renal tumors was found to be similar in appearance to the predominant type of renal tumor found in patients affected with the BirtHogg-Dubé syndrome (M. Merino, personal communication), which has elements of chromophobe renal carcinomas and renal oncocytoma. This oncocytic hybrid tumor, thought to arise from the distal tubule of the kidney, was observed in >50% of renal tumors from BHD patients (20) .
Conservation of the BHD amino acid sequence
The folliculin protein is highly conserved across species. Fulllength homologs of the human protein (NP_659434) are encoded by the genomes of mouse (NP_666130), rat (XP_220518), Drosophila melanogaster (NP_648090), Caenorhabditis elegans (NP_495422), and Schizosaccharomyces pombe (NP_595962). In addition, gene fragments that are homologous to exons 7 and 8 of the human folliculin gene have been obtained from another mammal (Bos taurus; BE481158), a bird (Gallus gallus, BG712454), two fish (Danio rerio, AL923165; Oryzias latipes, BJ487768), a sea squirt (Molgula tectiformis, AU281864) and another insect (Anopheles gambia, EAA04758). For each of these species, the predicted protein-coding sequence in the region of the canine mutation was aligned (Fig. 4) . Without exception, all genes and gene fragments encode a His residue at the location of the canine mutation.
A shared haplotype is present in affected Norwegian dogs and distantly related American dogs
Haplotypes were determined in a subset of the Norwegian dogs from the family and the two dogs from the USA with available pedigrees that were diagnosed with RCND. All of the RCNDaffected dogs tested shared the haplotype and had the exon 7 mutation. These dogs were genotyped with markers surrounding the RCND locus (FH4229, FH4406, FH4442, FH4464). All the affected dogs share a four marker haplotype spanning a distance of $3.0 Mb (Fig. 5) .
The number of generations between the Norwegian proband and two of the American dogs for whom pedigrees were available, through a common affected ancestor, can be predicted. However, some uncertainty remains due to the high number of common ancestors, some missing pedigree information, and the lack of disease records in the population of German Shepherds. The shortest possible distance between the Norwegian proband and one of the American dogs is eight generations. However, following the pedigrees through the most likely common ancestors due to accumulation of a In addition, most of 85 other dogs diagnosed by us as having RCND by pathology (2) and where suitable pedigrees were available, could be traced back to the same pedigrees. Unfortunately, DNA samples are not available to test these dogs for the H255R mutation described here.
A homozygous A-to-G mutation in BHD exon 7 confers a loss of fetal viability Nineteen offspring comprising four litters from matings between confirmed RCND-affected dogs (AG*AG) heterozygous for the mutation were analyzed. All the offspring were genotyped for the mutation in exon 7 by direct sequencing, as described earlier. The expected segregation of 1 : 2 : 1 was not observed; three offspring had the genotype AA, 16 offspring had the genotype AG, and none of the puppies had GG. This provides strong evidence that the RCND mutation may have a homozygous lethal effect (P < 0.01).
DISCUSSION
We have identified a canine gene, BHD, which substantial evidence suggests may play a critical role in the pathology of an inherited cancer syndrome in German Shepherd dogs. Identification of gene mutations in human families with BHD disease, together with the high level of identity observed between the BHD homologs in divergent species, implies a critical functional role for the folliculin protein. In the German Shepherd Dog, we observed a disease-associated mutation (H255R) in the canine BHD gene that confers an amino acid change in a highly conserved region of the protein. It is often difficult to determine if a given missense change is actually disease-causing rather than simply disease-associated in the absence of detailed functional information about the protein. Indeed, while many disease-associated mutations have been reported for cancer susceptibility genes, such as ATM, BRCA1, and BRCA2 (21, 22) , only a subset are confirmed as being disease-causing (23, 24) .
In the case of canine BHD, three lines of reasoning suggest that the H255R mutation is responsible for RCND. First, evolutionary analysis demonstrates a high level of amino acid sequence conservation between multiple species across exon 7, which contains the H255R mutation. This indicates that this region of the protein is likely to be of functional significance. Specifically, we observed no amino acid differences in H255 in any of 12 species ranging from H. sapiens to S. pombe. Significantly, by examining the offspring of a cross between two dogs who are heterozygous for the mutation, there is strong evidence that a homozygous mutation confers a loss of viability of the fetus. The future availability of functional assays, such as a binding assay to show interactions with other proteins, would allow us to definitively test the biological implications of the H255R mutation.
Secondly, while affected Norwegian and US dogs are separated by at least eight generations, we did not observe the H255R mutation in 264 unaffected dogs of 58 breeds originating from both Norway and the USA. Significantly, the H255R mutation was not observed in 63 unaffected German Shepherd dogs, including animals from both the USA and Norway.
Thirdly and perhaps most compellingly, we found the same H255R mutation in RCND-affected dogs in both the USA and Norway and showed that all affected dogs share a common haplotype of four markers spanning $3 Mb. The presence of a shared haplotype among all RCND-affected dogs from USA and Norway, known to be separated by several generations, makes a strong argument for a founder event. Founder effects are common in dog breeds, resulting when popular sires carrying undetected disease alleles are repeatedly bred into multiple lines within the breed (25) . At the very least, the presence of a shared haplotype among affected individuals argues that if the H255R mutation is not responsible for the disease, another mutation in the shared haplotype that is in linkage disequilibrium with the H255R mutation is. Given that consideration, we cannot formally rule out the possibility that there are additional disease-associated mutations in a very closely linked gene or a BHD intron or regulatory region. However northern blot analyses using total RNA from affected and unaffected dogs revealed no apparent differences in expression levels, which argues that message levels and stability are unaffected in RCND dogs. This eliminates the second, but not the first possibility.
We focused our search for candidate genes utilizing both map position and predicted phenotype data. Our ability to map the gene associated with RCND to a small interval was of great importance when selecting BHD as the most likely gene. While the region of minimal recombination contains 85 predicted genes based upon comparison with the human sequence, the fact that RCND shares common features with several related syndromes allowed us to limit our search for candidate genes significantly. For instance, human tuberous sclerosis complex (TSC), is similar to RCND except that the latter includes skin tumors and lacks vascular neoplasms (26, 27) . Mutations in the gene encoding fumarate hydratase (FH) cause a predisposion to uterine leiomyomas, benign tumors of the skin and papillary renal cell carcinoma, a phenotype that is quite similar to RCND (28, 29) . However, both TSC1 and FH were definitively eliminated as candidate genes by their canine map position (3) .
While the phenotypes of RCND and BHD syndrome are quite similar, they are not precisely identical. Human BHD syndrome shows similarity to RCND in that affected individuals experience firm nodules in the skin and subcutis and kidney tumors. Unlike RCND-affected dogs, however, BHD-affected humans frequently experience pneumothorax and do not experience uterine leiomyomas. In addition, there are distinct differences in the types of skin tumors that occur in the two hereditary syndromes. In BHD, the skin tumors are hamartomas of the hair follicle termed fibrofolliculomas, composed of elongated, delicate epithelial strands in a dense stroma. RCND-affected dogs do not present with hamaratomas, do not show the strands of epithelial cells, and the hair follicles are generally not involved. One striking feature of RCND is that renal tumors were observed in 100% of 51 autopsied RCND-affected dogs in the Norwegian pedigree. However for 19 of these dogs, the tumors were not detected until an age of 9-11 years (30, 31) . By comparison, renal tumors are reported in about 15% of BHD-affected humans (32), although differences between the occurrence of renal tumors in BHDaffected humans and RCND-affected dogs could be due to differences between diagnostic methods or age of diagnosis.
Nonetheless, the histologic appearance of the canine renal tumors is similar to the appearance of the predominant type of renal tumor found in patients affected with BHD (M. Merino, personal communication). The predominant type of tumor found in humans with BHD has elements of chromophobe renal carcinomas and renal oncocytoma. These similarities suggest that RCND may be an appropriate model for human BHD-induced renal tumors, while also providing insights into species-specific tumorigenesis. One of the primary advantages of an RCND model is that the dogs' disease presentation is much earlier and disease progression is greatly accelerated compared to humans with BHD.
Finally, we found none of the mutations in RCND-affected dogs that have been observed in the BHD-affected human families described previously (14, 19, 33) . Interestingly, the hypermutable C 8 tract in human BHD is interrupted in the center by an 'AT' dinucleotide pair in dogs, possibly explaining why the insertion/deletion mutations in this tract that comprised 44% of the BHD mutations observed in humans were not seen in any of the RCND-affected dogs. Likewise, in the mouse, the hypermutable C 8 tract is interrupted in the center by a 'TG'. As additional data becomes available from human families, it will be of interest to see if the differences observed in phenotype between BHD-affected humans and RCND-affected dogs can be correlated with specific genotypes.
Our work described here constitutes the first example of human and canine inherited cancer syndromes with similar phenotypes displaying disease-associated mutations in a both a human gene and its canine ortholog. The work has implications for analysis of human pedigrees, segregating disease linked to the BHD region, but for who obvious disease associated changes, such as large genomic deletions or insertions, have not been found. This particular example focused on kidney cancer, but we hypothesize that similarly structured studies could be used to map other cancer susceptibility genes as well. Many of the same cancers that occur in humans are observed at a very high frequency in certain dog breeds (34, 35) . Breed-associated cancers are observed for Boxers and Pointers (lymphoma) (36), Airedale Terriers and Golden Retrievers (soft tissue tumors) (37), Scottish Terriers (melanoma) (38) , Scottish Deerhounds and Rotweillers (osteosarcoma) and Sky Terriers (breast cancer). By utilizing the advantages of canine families and homogenous breed structure, together with the now well developed canine genome map (9), we hypothesize that genes involved in both human and canine cancer biology can be mapped. Canine models can provide important additional information as well, as demonstrated by the likely lethal effect of the mutation in the present study. This sets the stage for future studies involving canine pedigrees aimed at mapping and cloning genes for complex human diseases that have not been tractable through the study of large numbers of small human families.
MATERIALS AND METHODS
Canine pedigree development, phenotypic assessment and sample collection A Norwegian canine colony segregating RCND was established by breeding a single affected male German Shepherd/ Flat-coated Retriever to one unaffected female German Shepherd and five unaffected female English Setters (3). All females were unrelated to the male. The five female English setters were related to each other. In addition, three confirmed RCND-affected female dogs heterozygous for the mutation described here were bred to a single affected male German Shepherd/Flat-coated Retriever to generate 19 offspring in a total of four litters. Offspring were examined for the presence of multiple microscopic renal cysts by exploratory laparotomy, kidney biopsy or necropsy and subsequent histologic examination as described (31) . Blood samples were also drawn and DNA prepared and sequenced, as described previously, from all dogs in the pedigree.
Samples from German Shepherd dogs affected with RCND residing in the USA were obtained by sending requests to veterinarians throughout the country. Once dogs were identified, their owners were contacted asking for participation in the study. Blood samples were drawn from the dogs by their own veterinarians and sent for DNA isolation. Blood samples from control dogs of all breeds were donated by their owners and collected by their own veterinarians either in the USA or Norway.
The Norwegian Animal Research Authority approved colony development, maintenance and sample collection in Norway. Canine blood and DNA samples in the USA were handled as specified by the Fred Hutchinson Cancer Research Center Institutional Animal Care and Use Committee.
Genomic DNA isolation
Genomic DNA was isolated from EDTA-anticoagulated whole blood using standard procedures (39) . All DNA samples were resuspended in 10 mM Tris-HCl (pH 8.0), then quantitated by spectrophotometry.
Partial canine gene sequences were obtained The 1.3Â canine genome sequence used for this study was originally obtained from plasmid libraries of small-(2 kb) and medium-sized (10 kb) inserts, prepared and sequenced at Celera Genomics, as described previously for the human genome (40) . The finished sequence data consists of 6.2 million reads (average read length, 576 bases), representing $1.3Â coverage of the haploid canine genome (2.8 Gb) (41) .
The human genome sequence assembly was scanned to identify genes located on HSA1p and 17 p using the University of California Santa Cruz Human Genome Project Working Draft (http://genome.ucsc.edu/ ). To obtain the corresponding partial canine sequence, the associated human peptide sequence was searched against the complete collection of dog reads using tblastn (W ¼ 12). Rarely ($3% of searches) putative dog orthologs were detected using less stringent parameters. For each peptide, all homologous dog reads that were identified by the blast searches were assembled at high stringency (99% nucleotide identity) using TIGR Assembler (www. tigr.org/softlab/assembler/). Each assembly, or unassembled read, was then searched back against the Ensembl (release 1.1) collection of confirmed cDNAs and peptides (using blastn and blastx, respectively). If the assembly was most similar (at both the DNA and protein levels) to the gene that was used originally for searching, the assembly was considered a fragment of a putative ortholog.
Construction of DNA minilibraries and screening for microsatellites
The partial canine gene sequences were also used to probe a canine BAC library with a mean insert size of 155 kb and a 8.1-fold predicted coverage of the canine genome (18) . For each gene, BAC filters were probed with PCR products of !400 bp, labeled by random primer incorporation and used at a concentration of 10 6 cpm/ml hybridization solution. Up to five filters were hybridized with 10-15 labeled probes simultaneously in a 7.5 cm diameter bottle, washed and then exposed to autoradiography film using standard techniques (42) . The resulting positive clones were picked from the primary BAC library plates.
To construct mini-libraries, the isolated BAC clones were grown in LB with antibiotics using standard protocols and then pooled (42) . BAC DNA was isolated using a Qiagen Large Construct kit and established procedures (43) . The BAC DNA was partially digested with two 4-bp cutters, BfaI and MseI, and the resulting fragments were purified and cloned into the unique NdeI site in pGEM-5fZ(þ/À). The libraries were transformed into DH5-alpha cells, then screened for common canine microsatellites using (CA) 15 , (GAAA) 10 , (GTAT) 10 and (CCTT) 10 oligonucleotides as described previously (44) . The resulting clones were sequenced using the pUC/M13 forward and reverse primers using an ABI3700 automated sequencer. After BLAST analysis to eliminate clones containing LINE or SINE elements and identify any gene sequence, primers that bracket microsatellite repeats of 12 or greater were selected using the web-based program Primer3 (www-genome.wi.mit. edu/cgi-bin/primer/primer3_www.cgi). Primer sequences and product sizes are reported in Table 1 .
Linkage and recombinant mapping
Microsatellites were typed in both members of the RCND pedigree as well as in unrelated affected and unaffected dogs. PCR was performed using 5 0 -Cy5 labelled primers as reported previously (12) . The PCR products was analysed on an ALFexpress 1 sequencher (Amersham) with software for Fragment analysis (Allelinks 1 ). RCND is assumed to be inherited in an autosomal dominant manner and is fully penetrant. Using the PREPARE option of the Multimap program, each marker was checked for Mendelian inheritance. Two-point linkage analysis was carried out between RCND and each marker and between each pair of markers using the MultiMap software package and markers were ordered by multipoint analyses. The most likely order and spacing of the markers within the linkage group were calculated using multipoint analysis and the GET-LIKELIHOODS function of Multimap. Maps were constructed with framework markers ordered at odds greater than 1000 : 1 and all remaining markers ordered at odds greater than 10 : 1 using MultiMap (45) .
Haplotype sharing analysis
One primer of each primer pair was end-labeled using standard conditions (46) . Amplification was carried out with 5 ng genomic DNA using previously published conditions (3). Primer sequences and product sizes are shown in Table 1 . PCR products were separated on 4-6% polyacrylamide gels under denaturing conditions at 55 C, visualized by autoradiography and scored manually.
Cloning and sequencing of the canine BHD gene
To obtain the partial canine sequence corresponding to the human BHD gene, the associated human gene sequence was searched against the complete 1.3Â collection of dog reads. Canine sequence was found within 1 kb of all the corresponding human exons. BLAST (www.ncbi.nlm.nih.gov:80/BLAST/ ) and Repeat Masker (www.repeatmasker.genome.washington. edu/cgi-bin/ RepeatMasker) were used to identify any repeated elements in the sequence. Primers were designed using Primer3 (www-genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) to flank all exons except exon 1 by at least 40 bp. PCR product sizes ranged from 304 to 1755 bp. Treatment of the PCR products with exonuclease I and shrimp alkaline phosphatase was done prior to sequencing. Sequencing was done using the BigDye kit (Applied Biosystems Inc., Foster City, CA, USA) and an ABI3700 or 3730 automated sequencer. The sequence of canine BHD exon 7 has been submitted to Genbank (Accession no. AY326427). Alignment and comparison of sequences from affected and unaffected dogs was done using the Phred/ Phap/Consed software packages (47) (48) (49) .
Mutation detection
The sequence of exon 7 was identified by sequencing of a PCR-product from cDNA using primers from exon 6 to exon 9. After initial identification of a mutation in the end of exon 7 in an affected dog, new primers were designed from the start of exon 7 (Ex7F) to intron 7 (In7R) for the purpose of genomic PCR and mutation detection. The sequencing reaction was performed with a nested primer (Ex7FS) 18 bp downstream of the forward primer. A PCR product of $1500 bp was generated using primers Ex7F (5 0 -GAGGCAGAGCAATTTGGTT-3 0 ) and In7R (5 0 -TGTTGGATGATTTTGTGTTTGA-3 0 ) and standard protocols for PCR under the following cycling conditions: 95 C for 3 min, followed by 35 cycles each of 95 C for 30 s, 60 C for 45 s and 72 C for 90 s. The sequencing reaction was performed with the ET-terminator kit for MegaBACE (Amersham) in accordance with recommendations from the manufacturer using the sequencing primer Ex7FS 5 0 -GAGA-ATGAACACGGCCTTC-3 0 in a 20 ml reaction mixture containing 8 ml 'ET-mix', 2.5 ml PCR product, 1.5 ml sequencing primer (5 pmol/ml) and 8 ml H 2 O. The sequencing reaction was performed by cycle sequencing with the following protocol: initially 95 C for 1 min then 29 cycles each of 95 C for 20 s, 59 C for 15 s and 60 C for 60 s. Sequencing was done using an automated sequencer (Molecular Dynamics MegaBACE 1000).
mRNA isolation, northern analysis and 5-RACE Tissues were collected from all dogs shortly post-mortem. All tissues were then immediately immersed in liquid nitrogen. RNA was isolated from 50-100 mg canine tissues using TRIZOL reagent (Invitrogen Inc., Carlsbad, CA, USA) as recommended by the manufacturer. Total RNA was isolated from tissues of two unaffected adult dogs. In addition, total RNA was isolated from kidneys from three unaffected and three dogs affected with RCND.
A kit was used for the Northern blot procedure (NorthernMax, Ambion Inc., Austin TX, USA). Ten micrograms of total RNA for each sample were loaded onto 1.0% agarose gels containing formaldehyde and electrophoresed at 5 V/cm for $2 h. Ribosomal RNA was visualized under UV light after ethidium bromide staining to check for possible degradation. RNA was transferred to a nylon membrane (Hybond Nþ, Amersham, Inc. Piscataway, NJ, USA) by capillary transfer, then UV crosslinked.
The blot was prehybridized in ULTRAhyb solution (Ambion Inc., Austin, TX USA) for 30 min at 68 C. A PCR product from exon 6-9 or exon 5 was radioactively labeled and used as probe. The probe was labeled in a reaction mixture containing 0.5 ml PCR product, 1.0 ml cold dNTP, 1.0 ml 20 pmol primer, 0.2 ml Taq polymerase, 2.6 ml 10Â PCR buffer, 15.7 ml H 2 O (total 22 ml). Four microlitres [a 32 P]dCTP were added and the following protocol was used: initial denaturation at 95 C for 3 min followed by 30 cycles each of 95 C for 30 s, 58 C for 20 s, 72 C for 60 s and 72 C for 5 min. The radiolabeled DNA probe was added at a concentration of 10 6 cpm per ml to the ULTRAhyb solution. The blot was incubated overnight at either 42 or 68 C in a roller bottle hybridization oven. The blot was washed in 2Â SSC at room temperature two times for 5 min each, then washed in 0.1Â SSC at 42 C (exon 5 probe) or 65 C (exon 6-9 probe) two times for 15 min each. The blot was then exposed to film at À80
C with an intensifying screen overnight for autoradiography.
For 5 0 amplification of BHD cDNA, the SMART RACE cDNA amplification kit (Clontech, Palo Alto, CA, USA) was used. One microgram of total RNA isolated from a Beagle kidney was used. First-strand cDNA was made according to the manufacturer's instructions. The cDNA was then specifically amplified according to the manufacturer's instructions using a canine BHD-specific primer (5 0 -CGATGGCATTCATGGTGT-CCTGGAG-3 0 ). The resulting PCR product was sequenced as described above. Comparison of kidney tumor histologic types Samples were taken from kidney tumors arising in RCNDaffected dogs. Staining was done by standard techniques using HE (hematoxyllin-eosin) and VG (Van Gieson). Slides were then digitally scanned at high resolution and sent to NCI for comparison.
